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Abstract 
Arrays of III-V direct-bandgap semiconductor nanowires are promising candidates for future photovoltaic devices 
due to their high optical absorption and their ability to be grown on low cost semiconductor substrates like silicon. 
The core-shell structure is particularly interesting as the electron-hole pair separation occurs in the radial direction 
and the photogenerated minority carriers have to travel short distances (the radius of the nanowires) thus improving 
the collection probability in case of well passivated nanowire surfaces. 
The aim of this study is to find the optimal geometry (length, height and diameter) of a GaAs nanowire array grown 
on a silicon substrate in order to have the best absorption of the incident photons. For this purpose, we have 
performed electromagnetic simulations with a homemade Rigorous Coupled Wave Analysis (RCWA) software. Our 
simulations take into account the core-shell structure, the passivation layer (GaAlAs) and the anti-reflection coating, 
but also the necessity to achieve current matching between the GaAs nanowire-based and the silicon substrate solar 
cells. This requirement is justified by the fact that the final goal is to process a tandem solar cell with junctions 
connected in series. 
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1. Introduction: 
Nanowire (NW) based solar cells are widely investigated due to their high light absorption and carrier collection 
efficiency [1-4]. In particular, III-V direct band gap semiconductors NWs such as InP [5-7] and GaAs [8-13] can be 
grown on silicon (Si) substrate. In that configuration, Si might be used as a low cost substrate and III-V NWs for 
their direct band-gap and their high absorption efficiency. Theoretical and practical works have been carried out by 
several groups [9-11, 14-16] in order to demonstrate that high quality III-V NW arrays can be epitaxially grown on 
Si. A record efficiency of 13.8% has been recently achieved by J. Wallentin et al using an InP NW array [5]. This 
result was obtained with a single junction heterostructure and a better efficiency is expected if we introduce NW-
based multijunction solar cells [8, 9, 11, 17]. The first aim of the present study is to investigate a NW-based solar 
cell design to determine the best array geometry in terms of Height (H), Diameter (D) and Periodicity (P) in order to 
optimize the absorption. The second part of the paper deals with the current matching between the top (GaAs NWs) 
and the bottom (Si substrate) cell of the tandem solar cell. Finally, the influence of the passivating GaAlAs layer is 
analyzed. 
2. Methods: 
Simulations are performed with a homemade rigorous coupled wave analysis software (RCWA) developed at IMEP 
LAHC [18, 19]. The simulated structure is composed of a III-V NW array on a 300µm thick silicon substrate as 
shown in figure 1. a. The NWs are composed of a p-doped GaAs core and a n-doped GaAs shell (with the same 
indexes as the core). For the last part of the study, a GaAlAs passivating layer is added to the structure. The GaAs, 
GaAlAs and Si optical indexes are taken from Ref. [20]. The incident light is polarized with the electric field 
parallel to the x-axis and is propagating perpendicularly to the NW axis (i. e. z direction). In the framework of the 
RCWA method, the structure is defined as a stack of different layers with given thicknesses and invariant optical 
indexes along z. For each layer, the Fourier series decomposition along the x and y axes are carried out making it 
possible to find the eigenvectors of the Maxwell equations. The electric and magnetic fields are deduced from the 
eigenvectors after imposing the continuity of the fields at the interfaces between layers using a S-matrix formalism.  
Figure 1. a) Schematic view of the III-V NW array. b) NW pattern with the location of the calculated power. H is the height, D the diameter and 
P the periodicity of the NW array. 
The power is then calculated for each layer as shown in figure 1. b. by integrating the Poynting vector in the surface 
(x and y axes). The equation of the Poynting vector is written as follows: 
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where ɉz is the z-component of the Poynting vector, Ex,y and Hx,y are respectively x and y components of the electric 
and magnetic fields.  
The power calculations are used to compute the absorptance in the NW arrays. The absorptance A is defined as: 
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where Pinc is the power of the incident light, Pair/NW and PNW/Sub are the powers flowing through the interfaces 
between air and NWs and between NWs and substrate respectively.  
Considering that every electron-hole pair is collected, the short-circuit current density is calculated by integrating 
the absorptance: 
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where Jsc is the ideal short-circuit current density, q is the electron charge, h the Planck constant, c the light celerity, 
Ȝ is the wavelength and IAM1.5g is the ASTM AM1.5G solar irradiance of 1000W/m² [21]. 
The convergence has been achieved for a number of harmonics larger than 31x31 along both x- and y- axis. The 
simulations are thus performed with 31x31 harmonics, hereafter. 
3. Results and Discussion  
3.1.  Absorption in the NWs: 
First, a simple structure composed of a GaAs NW array on a Si substrate is simulated and the absorption in the NWs 
is analyzed. The simulation parameters and ranges are: P [100-900 nm]; D/P [0.1-0.9] with a step of 50nm and 0.05, 
respectively; H [100 nm-5 µm]. For each NW geometry, the absorption in the nanowires and the short-circuit 
current density are calculated. For each NW height, a map of the short-circuit current density is then deduced, 
permitting to find the optimized geometrical parameters (D, P) corresponding to the highest current (table 1). Two 
examples of current mappings for NW height equal to 1 µm and 500 nm are presented on figure 2. The maximum 
short-circuit current density as a function of the NW height is represented on figure 3. The short-circuit current 
density calculated by taking into account the absorption in a 1 µm thick silicon layer has also been plotted. 
  
Figure 2. Short-circuit current Jsc maps in the NW arrays: a) Height of the NW arrays: 1 µm; b) Height of the NW arrays: 500 nm. The color bar 
on the right of the map corresponds to the Jsc. 
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Table 1. Ideal geometry according to the best Jsc for each NW height. 
  
Figure 3. Short-circuit current density Jsc as a function 
of the height of the nanowires. The black line 
represents the Jsc considering the absorption of the light 
only in the NWs. The red line represents the Jsc
considering an additional 1 µm thick Si layer. 
The Jsc saturates at a value of 31 mA/cm2 (figure 3) as the NWs get longer, as already demonstrated in the literature 
[9]. Since the current is equal to 28.5 mA/cm2 for H equal to 2 µm, corresponding to a variation smaller than 10% 
with respect to the saturation value, the optimum H is taken as 2 µm. For this optimum H, the optimal NW diameter 
and period for the absorption are: D= 165 nm; P= 300 nm, respectively (table 1). 
If the NW height is reduced, larger diameters are required to absorb more light (table 1). The influence of the 
absorption in the silicon wafer also increases, as seen in figure 3. Accordingly, if tandem solar cells are considered 
(and not only NW single junction solar cell), current matching imposes new optimal geometrical dimensions, as 
discussed in the next section. 
3.2 Current matching: 
The studied multijunction GaAs/Si solar cells are composed of two cells: a top one (GaAs NWs) and a bottom one 
(Si) which are connected in series. Accordingly, the total current is imposed by the cell producing the lowest 
current. Thus, the optimization of the multijunction solar cell is performed by matching the currents of the top and 
bottom solar cells. In order to do that, the current is calculated separately in the NW array and in the substrate 
(figure 4) and Jsc maps are deduced for different NWs heights. 
Figure 4. Schematic view of the multijunction structure with monitors positioning. 
H (µm) D(nm) P(nm) Jsc  (mA/cm²) 
0.1 330 350 9.3 
 0.3 200 250 17.2 
0.5 187 250 20.4 
0.7 175 250 22.7 
0.9 167 250 24.5 
1 160 250 25 
2 165 300 28.5 
3 175 350 29.7 
4 175 350 30 
5 180 400 31 
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The Jsc maps corresponding to the absorption in the NW array and in the silicon are reported in figures 5.a and b, for 
H= 500 nm. For each value of D and P, the Jsc corresponding to the absorption in the GaAs is subtracted to the Jsc
corresponding to the absorption in the silicon. A subtracted map is obtained in figure 5.c. The area where the Jsc
equals zero (“0 area”) corresponds to the ideal geometries for the current matching (i. e. same Jsc for the top and 
bottom cells). That “0 area” is then reported on the two maps (GaAs NWs and Si substrate) and the best geometrical 
dimensions of the NW array corresponding to the maximum Jsc is deduced. 
Figure 5. Jsc maps for a NW height of 500 nm: a) in the NW array, b) in the Si substrate and c) the subtraction of the first two Jsc maps. 
This current matching strongly depends on the geometry of the NW array. Too important a height would not be 
suitable since the incident light would be mostly absorbed in the NW array and with too small a height, light would 
be more absorbed by the Si substrate.  
Table 2. Optimal geometrical dimensions and current matching. The maximum current in the NW array (for the corresponding NW height) is also 
reported for comparison in the last column. 
H (µm) D(nm) P(nm) Jsc matching (mA/cm²) Jsc  (mA/cm²) 
100 500 500 9.3 9.3 
200 250 250 13.5 13.5 
300 250 250 16 17.2 
400 175 250 18 18 
500 165 275 20 20.4 
600 150 275 17 21.8 
700 112 250 16 22.7 
Figure 6. Jsc matching as a function of NW height, compared to the optimal current in the NW array and in the substrate. 
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In order to find the most efficient GaAs/Si multijunction solar cell, the maximum Jsc matching extracted is reported 
in figure 6 as a function of the NW height. The maximum Jsc values extracted directly from the maps of the Jsc
versus P and D/P are also reported in for comparison in figure 6. It can be clearly noticed that a maximum in the 
current maching is achieved for H = 500 nm (i.e. the Jsc for both top and bottom cells are equal, as shown in Table 
2). Since GaAs is a highly absorbing direct band gap material, the light is efficiently absorbed for a relatively small 
500 nm height.  
In the next section, the effect of the passivation layer on the absorbing properties is analyzed. 
3.3 Passivating layer: 
,QRUGHUWRFRPSOHWHWKHSUHYLRXVVWXG\WKHWDQGHPVRODUFHOOILJXUHLVVLPXODWHGWDNLQJLQWRDFFRXQWDFRQIRUPDO
QP-WKLFN*D$O$VSDVVLYDWLQJ OD\HU6LQFH WKH*D$O$VSDVVLYDWLRQ OD\HU LV DQ HIILFLHQW DEVRUELQJPDWHULDOZLWK
GLUHFW EDQG JDS HQHUJ\ RI H9 LW LV QHFHVVDU\ WR YHULI\ WKDW WKH RSWLPDO -VF YDOXH SUHYLRXVO\ IRXQG LV QRW
VLJQLILFDQWO\PRGLILHG
Figure 7. Schematic view of the multijunction core-shell structure with the GaAlAs passivating layer. 
,Q RUGHU WR FDOFXODWH WKH -VF FRQWULEXWLRQ RI *D$V 1: DUUD\ ZLWKRXW WDNLQJ LQWR DFFRXQW WKH DEVRUSWLRQ LQ WKH
SDVVLYDWLRQOD\HUWKHDEVRUEHGSRZHULVFDOFXODWHGE\YROXPHLQWHJUDWLRQRIWKHJHQHUDWLRQUDWH*Ȝ>@JLYHQE\
ܩఒ ൌ
ʹߨ݊ఒ݇ఒ
݄ ߝ଴ȁܧఒȁ; (4) 
ZKHUHQȜDQGNȜDUHWKHUHIUDFWLYHLQGH[HVKWKH3ODQFNFRQVWDQWİWKHSHUPLWWLYLW\LQYDFXXPDQG(ȜWKHHOHFWULF
ILHOG
)LJXUHSUHVHQWVWKHPDSRIWKH-VFFRUUHVSRQGLQJWRWKHDEVRUSWLRQLQWKH*D$V1:DUUD\
Figure 8. Jsc map of the GaAs NW array covered with a 5 nm GaAlAs layer. H= 500 nm. 
 Abdennacer Benali et al. /  Energy Procedia  60 ( 2014 )  109 – 115 115
The optimal geometrical dimensions are only slightly affected while considering the passivation layer: H= 500 QP
P= 250 QP'  175 nm. Moreover, the maximal Jsc is equal to 20 mA/cm², which is the same value as previously 
obtained without the passivation layer.  
4. Conclusion 
In this paper, the absorptance of a GaAs NW array on a Si substrate is studied. For a single junction, optimal 
geometrical dimensions have been found for the NW height, diameter, and array periodicity equal to 2 µm, 165 nm 
and 300 nm, respectively. The optimized Jsc of 28.5 mA/cm² was identified. For the tandem solar cell with a top cell 
based on a GaAs NW array and a Si bottom cell, the optimized height is decreased to favor the absorption in the Si 
substrate by decreasing the absorption in the NW array. The maximum current matching is thus obtained for 
H= 500 nm P= 250 nm and D= 175 nm resulting in a Jsc of 20 mA/cm². Further study should be fulfilled in order to 
take the contact layer into account for optical optimization. The, electrical simulations would permit to analyze the 
influence of interface and volume recombinations on the multijunction solar cell efficiency. 
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